Physical Properties of Ba2Mn2Sb20 Single Crystals 
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We report both experimental and theoretical investigations of the physical properties of 
Ba2Mn2Sb2 single crystals. This material exhibits a hexagonal structure with lattice constants: a 
= 4.7029(15) A and c = 19.9401(27) A, as obtained from powder X-ray diffraction measurements, 
and in agreement with structural optimization through density functional theory (DFT) calcula- 
tions. The magnetic susceptibility and specific heat show anomalies at Tn = 60 K, consistent with 
antiferromagnetic ordering. However, the magnitude of Tn is significantly smaller than the Curie- 
Weiss temperature (|Bcw| ~ 560 K), suggesting a magnetic system of reduced dimensionality. The 
temperature dependence of both the in-plane and out-of-plane resistivity changes from an activated 
at T > Tx 200 K to a logarithmic at T < Tx. Correspondingly, the magnetic susceptibility dis- 
plays a bump at Tx. DFT calculations at the DFT + U level support the experimental observation 
of an antiferromagnetic ground state. 

PACS numbers: 75.40.Cx, 71.15.Mb, 75.47.Lx, 65.40.Ba 



I. INTRODUCTION 

The discovery of superconductivity in Fe-based layered 
compounds has sparked immense interest in the physics 
and chemistry communities, reminiscent of the excite- 
ment that accompanied the discovery of the high-Tc 
cuprate superconductors more than two decades ago.^ ^ 
Although both families form similar layered structures, 
the building blocks are different, with tetrahedral FeX4 
(X = As, Se) for Fe-based superconductors but octa- 
hedral CuOe in Cu-based superconductors. In addi- 
tion, Fe can be partially or even completely replaced 
by other transition metals,'^^^ while doping on the Cu 
site of cuprates immediately kills superconductivity.^ 
This suggests that superconductivity in materials with 
the tetrahedral building block is more tolerant to var- 
ious dopings-'^J'^l^HI^ In particular, magnetic elements 
such as Co and Ni induce extremely rich phase dia- 
grams including the coexistence of superconductivity and 
magnetism.^^H^ In the search for new superconductors 
with structures similar to the Fe-based materials, but 
without Fe, BaNi2As2 was found to superconduct at 0.7 
K.I3 So far, there is no evidence of superconductivity in 
Mn-based compounds. 

Many Mn-based compounds form layered structures 
and order magnetically. For example, BaMn2As2 shares 
the same structure with BaFe2As2, one of the parent 
compounds of Fe-based superconductors. Although it or- 
ders antiferromagnetically below 625 K,^^ its spin struc- 
ture is different from that of BaFe2As2. It is also elec- 
trically insulating due to strong spin dependent Mn- 
As hybridization.^^ Recently, another layered compound, 
Sr2Mn3As202, has been found to exhibit a spin-glass 
transition due to competing ferromagnetic and antiferro- 
magnetic interactions.^^ While it crystallizes in a tetrag- 
onal structure, Mn occupies two different environments, 
one in theMnAs4 tetrahedra and the other in the Mn02 
sheets. I^^ll^ Other compounds with the same structure 



such as A2Mn3Pn2 02 (A = Sr, Ba; Pn = P, As, Sb, 
Bi) have been synthesized.^^ The magnetic moment 
due to the Mn in edge-shared MnPn4 orders antiferro- 
magnetically at low temperatures. This motivates us to 
study Ba2Mn2Sb20, which has a double layered MnSbsO 
tetrahedra edge shared in the a6-plane, but corner shared 
along the c-direction (see Fig. [ija)). All Mn sites are 
equivalent. 

While it has existed since 1981,^^ Ba2Mn2Sb20 is only 
known to exhibit a hexagonal structure with space group 
PGs/mmc. Its physical properties have not yet been in- 
vestigated. Here, we report the crystal growth, struc- 
tural, electronic, magnetic, and thermodynamic proper- 
ties of Ba2Mn2Sb2 0. Computational studies have also 
been carried out to help understand its physical proper- 
ties. 



II. EXPERIMENTAL AND COMPUTATIONAL 
DETAILS 

To grow Ba2Mn2Sb2 single crystals, stoichiometric 
amounts of high-purity Ba pieces (99 % Alfa Aesar), Mn 
powder (99.95 % Alfa Aesar), Sb powder (99.5 % Alfa Ae- 
sar) and Mn02 powder (99.997 % Alfa Aesar) are mixed 
in the ratio 4 : 3 : 4 : 1. The mixture is placed in 
an alumina crucible sealed in an evacuated quartz tube. 
The samples are first heated to 1150^C at the rate of 
150^C/h. This temperature is held for 15 h, after which 
the samples are cooled to 700^C at the rate of 4^C/h, and 
finally cooled down to room temperature by turning off 
the power. Shiny black plate-like crystals are obtained 
without requiring additional process. These crystals have 
a typical size of 5 x 5 x 0.2 mm^, as shown in the inset 
ofFig.llJb). 

The phase of the as-grown crystals was characterized 
using a Scintag XDS-2000 powder X-ray diffractometer 
using Cu radiation (A = 1.54056 A). Electrical trans- 
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FIG. 1: (Color online) (a) Crystal structure of the lay- 
ered Ba2Mn2Sb20; (b) X-ray powder diffraction pattern at 
room temperature for single crystal Ba2Mn2Sb20 (black 
line), which matches well with the standard X-ray powder 
diffraction pattern (red line). The inset shows single crystal 
Ba2Mn2Sb20 with typical size of 5 mm x 5 mm x 0.2 mm. 



port and heat capacity measurements were carried out 
with a Quantum Design physical property measurement 
system (PPMS). Both in-plane and c-axis resistivities 
were measured using the standard four-probe technique. 
Thin Pt wires were used as electrical leads and attached 
to the sample using silver paste. The magnetic proper- 
ties were measured using a Quantum Design magnetic 
property measurement system (MPMS) between 2 and 
400 K, and a vibrating sample magnetometer (VSM) be- 
tween 300 K and 700 K in a PPMS. 

We compare the experimental results with the elec- 
tronic structure calculations. These calculations were 
performed using the general potential linearized aug- 
mented plane wave (LAPW) methocP^ as implemented 
in the WIEN2K electronic structure code.^LAPW radii 
of 2.5 Bohr were used for Ba and Sb, while LAPW radii 
of 2.01 Bohr and 1.78 Bohr were used for Mn and O, 
respectively. The calculations were done for the hexago- 
nal crystal structure (space group PGa/mmc) with opti- 
mized lattice parameters of a = 4.7096 A and c = 20.0298 
A obtained from our computations. The unit cell of 
Ba2Mn2Sb20 contains two inequivalent Ba sites. Table [l| 
shows the locations of these inequivalent Ba sites as well 
as those of other atoms in the crystal with their Wyckoff 
positions. The computations were based on KK^ax = 
7.0, where R is the smallest LAPW sphere radius and 
^max is the interstitial plane wave cutoff. The Brillouin 
zone integration was done using a 9 x 9 x 2 recipro- 
cal space mesh. The core states were treated relativis- 
tically, and the spin-orbit interaction was included self- 
consistently through the second variational step. In all 
our computations, no shape approximation was made on 
either the potential or the charge density. 

One difficulty in the computation of material proper- 
ties is that the band gaps and related properties of most 
materials are generally underestimated by the standard 
density functional theory (DFT) approximations. To 
avoid this, we utilized the constrained DFT + U scheme 
of Anisimov and GunnarssoiP^ as implemented by Mad- 



sen and Novark^^ in WIEN2K. With this approach, the 
effective Coulomb interaction (Ug//) on the Mn d state 
is calculated self-consistently. The computed value of 
Ueff is 7.07 eV. The DFT part of the computation uti- 
lized the Perdew-Burke-Ernzerhof generalized gradient 
approximation (PBE-GGA).I^ 



III. RESULTS AND DISCUSSION 

The X-ray powder diffraction measurements were per- 
formed at room temperature by crushing as-grown single 
crystals. Figure [TJb) shows the X-ray diffraction pattern 
of Ba2Mn2Sb20. As indicated in the figure, all peaks 
can be indexed to the hexagonal structure with space 
group PGs/mmc as previously rep orted.l^ From our X- 
ray diffraction data, we obtain the lattice parameters: a 
= 4.7029 A and c = 19.9401 A at room temperature, in 
agreement with that reported by Brechtel et al.l^ 

Figure [2|a) displays the temperature dependence 
of in-plane (pab) and out-of-plane {pc) resistivities of 
Ba2Mn2Sb20 between 2 and 320 K. Note both pab and 
pc increase with decreasing temperature. However, the 
change is much slower below Tx ~ 200 K than it is at high 
temperatures. Correspondingly, the anisotropy, pd pabi 
is almost constant below Tx as shown in the inset of 
Fig. [2|a), and is comparable to that seen in the AFe2As2 
(A = Ba, Sr, Ca) system. As shown in Fig. |2|b), the 
application of a magnetic field, = 7 T, normal to 
the ah plane (H ± ah) results in a small reduction of 
pab' This means that the magnetoresistance, MR = 
pab{H) - pa6(0) 



is negative, as shown in the inset of 



Fig. ^b). Note the magnitude of MR decreases more 
rapidly below ~ 60 K. 

In analyzing the temperature dependence of the electri- 
cal resistivity, we find that both pabi^) and Pc(T) exhibit 
quantitatively similar behaviors. Figure [2|c) shows pab 
versus InT, which reveals a logarithmic dependence below 
Tx. From 2 to 200 K we obtain pab = -2MlnT + 104.6 
r^-cm, plotted as a solid line in Fig. |2|c). Above Tx the 
resistivity decreases exponentially, so that we fit the in- 
plane electrical conductivity data as shown in Fig. |2|d) 
using the formula for the conductivity, aab = cro+^ 
exp{— (^0 constants, /c^ is the Boltz- 

mann constant, and A is the activation energy). The 
fit (see the solid line in Fig. [2|d)) yields ctq = 0.086 
Vt-^cm-^, B = 2095 Vt-^cm-\ --^ ^ - ^ 
similar gap value of Ac ~ 0.61 
fitting pc (not shown). 

The crossover from the activated to the much slower 
increase in resistivity at low temperatures indicates that 
the system has a finite (albeit low) carrier density as 
T approaches zero. However, the low-temperature loga- 
rithmic behavior of both pab and pc suggests anomalous 
temperature dependence of the scattering rate for the re- 
maining carriers. The magnetic properties shown below 
(see Fig. |3| may offer a clue to the origin of this scatter- 



and A - 0.59 eV. A 

eV was obtained from 
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TABLE I: The atomic positions and the Wyckoff numbers for the atoms in Ba2Mn2Sb20. Experimental data is adapted from 
Ref. 14. 



Site 


Wyckoff 


Symmetry 


Charge 


X 


y 


z 


Atomic environment 



Experimental atomic positions 



Mnl 


4f 


3m. 


Mn2+ 


1 

3 


2 

3 


0.6495 


single atom 


Sb2 


4f 


3m. 


Sb3- 


1 
3 


2 
3 


0.3873 


non-coplanar triangle Mna 


01 


2d 


-6m2 


02- 


1 
3 


2 
3 


3 
4 


trigonal bipyramid Mn2Ba3 


Ba4 


2b 


-6m2 


Ba2+ 








1 
4 


coplanar triangle O3 


Ba5 


2a 


-3m 


Ba2+ 











octahedron Sbe 




Atomic positions 


as obtained from geometrical optimization 


Mnl 


4f 


3m. 


Mn2+ 


1 

3 


2 
3 


0.6506 


single atom 


Sb2 


4f 


3m. 


Sb3- 


1 

3 


2 

3 


0.39467 


non-coplanar triangle Mns 


01 


2d 


-6m2 


02- 


1 
3 


2 
3 


3 
4 


trigonal bipyramid Mn2Ba3 


Ba4 


2b 


-6m2 


Ba2+ 








1 
4 


coplanar triangle O3 


Ba5 


2a 


-3m 


Ba2+ 











octahedron Sbe 



mg. 

The magnetic susceptibility x = M/H was measured 
at an applied magnetic field H = 1 kOe between 2 and 
700 K. Figure [3] shows the temperature dependence of 
the in-plane (Xab) and the out-of-plane (xc) susceptibil- 
ities in zero-field-cooling (zfc) and field-cooling (fc) con- 
ditions. Several features are worth noticing: (1) there 
is almost no difference between x(H||ab) and x(H||c) 
above ~ 60 K, i.e., the susceptibility is isotropic; (2) 
below 60 K x(H||ab) decreases while x(H||c) increases; 
and (3) there is a broad bump in Xab and Xc centered 
around T ~ Tx- These features are reminiscent of an- 
other transition- metal oxide K2V308.'^ While it is a 
two-dimensional antiferromagnet, its magnetic suscepti- 
bility remains isotropic above T/v . According to Lumsden 
et al.I^, this is the consequence of Heisenberg magnetic 
interactions. The bump seen in the magnetic suscep- 
tibility of K2V3O8 is due to competition between the 
antisymmetric Dzyaloshinskii-Moriya (DM) interaction 
and the symmetric Heisenberg interaction. The competi- 
tion may also result in a canted magnetic structure. For 
Ba2Mn2Sb20, it is unclear whether the DM interaction 
should be taken into account. However the increase of 
Xc below Tn suggests that spins are canted as well in 
Ba2Mn2Sb20, which gives rise to weak ferromagnetism 
along the c-direction. This is further supported by the 
non-linear field dependence of c-axis magnetization be- 
low Tn (not shown). On the other hand, the character- 
istic temperature where x shows a bump coincides with 
the crossover temperature, T^^, where the resistivities {pab 
and pc) change their temperature dependence. As will be 
discussed later, this suggests that there may be another 
mechanism to cause the change in both the magnetic sus- 
ceptibility and electrical resistivity. 

Fitting the data above 350 K with a Curie- Weiss ex- 
pression X = Xo + rr — (Xo, Ccw^ and Sew are 

constants), we obtain Qcw = -564 K, Ccw= 9.24 cm^ 
K/mol, and Xo — -6.6 x 10~^ cm^/mol (see the solid line 



in Fig. 



3). With a Curie- Weiss constant C, 



cw 



eff 



3kT 



we estimate the effective magnetic moment, peff = 2.7 
/i^/f.u. The negative 0cw suggests antiferromagnetic 
correlations at high temperatures leading to long-range 
antiferromagnetic ordering at Tn ~ 60 K. As shown in 
the inset of Fig. [3) Xab decreases, indicating that ordered 
magnetic moments are in the a — 6-plane. The fact that 
Qcw is much higher than Tn suggests low-dimensional 
magnetism, because the given crystal structure is not 
likely to cause magnetic frustration. 

To confirm the phase transition at Tn, we have mea- 
sured the specific heat of Ba2Mn2Sb20 at constant pres- 
sure. As shown in Fig. [4j there is clearly an anomaly 
at Tn, an indication of a phase transition. If we esti- 
mate the background by fitting the data away from Tn, 
as shown in the inset of Fig. [4] by the dashed line, we can 
obtain the specific heat change ACp due to the phase 

/AC 
-^dT^ we find an entropy 

change AS ~ 1.55 J/mol-K. This value is much smaller 
than the theoretical expectation Sm = R In {2S + 1) = 
14.9 J/mol-K, {R = 8.314 J/mol-K, with full moment S 
= 5/2 for Mn^+). This implies that the entropy is ei- 
ther removed prior to the transition and/or results from 
a reduced effective magnetic moment. 

To help understand these experimental results we have 
performed first-principles ab-initio electronic structure 
computations. In order to establish the ground state of 
Ba2Mn2Sb20, we carried out calculations on several con- 
figurations: ferromagnetic, antiferromagnetic, and non- 
magnetic. The results of our computations show that 
the antiferromagnetic state is the most stable one. We 
used the A- type antiferromagnetic alignment, i.e., the 
magnetic structure having ferromagnetic alignment in- 
planes but antiferromagnetic coupling between planes. In 
this structure, no supercell is needed. Fig. [sja) de- 
picts the band structure of Ba2Mn2Sb20 along the high 
symmetry points of the Brillouin zone, while Figure |5|b) 
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FIG. 2: (Color online) (a) In-plane 
(pab) and out-of-plane (pc) resistivities 
of Ba2Mn2Sb20 single crystal. The in- 
set shows the temperature dependence 
of resistivity anisotropy {pc/ Pah)] (b) 
Temperature dependence of pah under 
zero and 7 T applied perpendicular to 
the a6-plane. The inset shows the tem- 
perature dependence of magnetoresis- 
tivity MR (see the text); (c) In-plane re- 
sistivity plotted as pah versus In T. The 
solid line is the fit of pah below 200 K 
(see the text); (d) Temperature depen- 
dence of the in-plane conductivity (fXab). 
The red line is the fit of (Tab above 250 
K with cFah ^ (To -\- B exp{-^^^). 
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FIG. 3: (Color online) Temperature dependence of magnetic 
susceptibility on the a6-plane (xab) and along the c-direction 
(Xc) measured under both zero- field-cooling (zfc) and field- 
cooling (fc) conditions. The characteristic temperature Tx is 
indicated. The inset shows Xa6(T) and Xc(T) near Tn 60 
K. 



shows the density of states. 

The conduction bands are predominantly Mn 3d states 
while the valence bands are formed by a strong hybridiza- 
tion between Mn 3d and Sb bp with O 2p at ~ 2.5 eV 
below the bottom of the conduction band. Also, we find 
a very large energy difference, E^iff = 0.21 eV/Mn, be- 
tween the ferromagnetic (the next stable state) and an- 
tiferromagnetic (ground state phase) orderings. This in- 
deed is supported by the large Curie- Weiss temperature 
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FIG. 4: (Color online) Temperature dependence of the specific 
heat, Cp. The inset shows the anomaly near Tn, and the dash 
line represents the background. 



(|0cw| ^ 560 K) extracted from the high-temperature 
susceptibility. The maximum of the valence bands oc- 
curs at the F point and the minimum of the conduction 
bands is at the M point. The minimal indirect gap be- 
tween M and F is 0.686 eV, in close agreement with the 
experimental values of 0.59 and 0.61 eV deduced from 
the conductivity (Tab and dc, respectively. The effective 
mass in the conduction band is m* ~ 4.09 (where 
rrio is the bare electron mass). In the valence band, the 
effective mass tensor is rather anisotropic but the masses 
are of the same order. We also calculated the magnetic 
moment per formula unit. The computed effective mag- 
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FIG. 5: (Color online), (a) Calculated band structure of 
Ba2Mn2Sb20. The horizontal dotted line is the chemical po- 
tential, which has been set equal to zero, (b) Calculated 
density of states (in units of states/eV-cell) of Ba2Mn2Sb2 0. 
Both figures have been produced by using the effective 
Coulomb interaction (Ue//) obtained self-consistently at the 
DFT+U level. 



netic moment jHeff = 2.52 //^/f.u., is in good agreement 
with the experimental value of 2.7 /i^/f-u. obtained from 
a Curie- Weiss fit to the high temperature susceptibility. 
Treating the compound as an intrinsic semiconductor, we 
obtain a rough estimate of the carrier concentration at 
room temperature ut ~ 3.5 x 10^^ cm~^ using the com- 
puted gap, or an order or magnitude greater if we take the 
gap values from the resistivity fit above. Simple estimate 
of the Drude relaxation time using the former value of 
the carrier density yields r 4.5 x 10~^^ s. The carrier 
mobility at room temperature is /j. = a/ne ^ 2 x 10^ 



-1 o-l 



Residual conductivity at low T indicates 



that there are mobile carriers that are not induced by 
temperature, but their density is low: even if we take the 
value of the room temperature mobility as a guide, the 
non-intrinsic carrier density ~ 10^^ cm~^ is sufficient 
to give the residual pab- In reality, the mobility likely 
grows by more than an order of magnitude as the tem- 
perature is lowered, and therefore an even lower carrier 
density suffices. Self-consistent structural and geometri- 
cal optimization yields lattice parameters: a = 4.7096 A 
and c = 20.0298 A. These are consistent with the values 
determined experimentally. The geometrical optimiza- 
tion reproduced the atomic positions of Ba2Mn2Sb20 as 
shown in Table [H 

From the above comparison, we note that the 
computed results are consistent with those obtained 
experimentally. In particular, the computed effective 
moment is very close to the experimental value obtained 
from the Curie- Weiss fit. While Mn^+ can be in high- 
spin {S = 5/2), intermediate {S = 3/2), or low-spin 
{S = 1/2) states, it is possible that there is a partial 
cancellation of the spin by an antialigned moment from 



the Sb 5p band of the SbaO cage surrounding Mn, as 
seen in Yb 14 MnSbn.^^ According to the X-ray magnetic 
circular dichroism (XMCD) measurements, the Sb4 cage 
in Ybi4MnSbii provides a moment S = 1 opposite to 
the Mn moment^^ due to hybridization between the Mn 
3d and Sb 5p orbit als.f^ The strong hybridization of 
Sb bp with Mn 3d is confirmed by our computations 
as explained above. In our ab-initio calculations, the 
magnetic moment of Sb is found to be significant with 
an antialigned moment of ~ -0.1 fiB as observed in 
Ybi4MnSbii.^^ If we assume that the induced magnetic 
moment of the SbaO cage is slightly less than 5 = 1, and 
Mn^+ is in the intermediate spin state {S = 3/2), the 
effective magnetic moment would be close to our experi- 
mental and calculated results. For each MnPn4 (Pn = 
P, As, Sb, and Bi), accompanying the induced magnetic 
moment, there is a hole per formula unit in the bonding 
valence bands. We anticipate a similar situation in 
Ba2Mn2Sb20. The effective hole concentration for each 
MnSbaO could be slightly different from that of MnPn4. 
The question is whether these holes interact with the 
local magnetic moment provided by_Mn^+ (i.e., Kondo 
effect), as seen in 

Ybi4MnSbii.l^Sl3ll xhe logarithmic 
temperature dependence of the electrical resistivity (see 
Fig. [2|c)), and the decrease of magnetic susceptibility 
(see Fig. |3| below ~ 200 K, seem to be consistent with 
the Kondo picture. 



IV. CONCLUSION 

We have studied the structural, electronic, magnetic, 
and thermodynamic properties of Ba2Mn2Sb20 single 
crystals. This compound exhibits semiconductor behav- 
ior with thermally activated electrical conduction at high 
temperatures, where the energy gap was found to be ~ 
0.59 eV from experiment and ~ 0.686 eV from band cal- 
culations. The magnetic susceptibility reveals a bump at 
Tx ~ 200 K and an antiferromagnetic transition at Tn 
~ 60 K. The latter was confirmed by specific heat mea- 
surements, indicating a true phase transition. While the 
present analysis and discussion is in no way conclusive, 
we hope that it will spur interest to further study this 
material. 
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